Fetal hypothalamic grafts containing the suprachiasmatic nucleus (SCN) restore circadian locomotor rhythmicity when implanted into the third ventricle of SCN-lesioned hamsters. However, the quality of restored rhythms is variable, and the locomotor rhythms of grafted animals are generally less robust than those of intact animals. The present study explored whether anatomical features of the graft predict the quality of the recovered rhythm and whether such information might provide insight as to the target of the signal from the SCN that controls locomotor rhythmicity. The following graft parameters were assessed: distance between the attachment site of the graft and potential targets for the output signal from the SCN, number and overall size of SCN clusters, the size of the cluster closest to the SCN lesion site, and extent of vasoactive intestinal polypeptide (VIP) and vasopressin-associated neurophysin (NP) positive fiber outgrowth from the graft. The restored circadian activity rhythm was assessed by quantifying the precision of activity onset and the amount, period, and robustness of rhythmicity. The results indicate a significant positive correlation between the precision of activity onset and the proximity of the closest SCN cluster to the site of the lesioned host SCN. A more detailed analysis of the spatial location of the graft indicates that proximity of the graft in the dorsal and caudal directions, but not the rostral direction, is positively correlated with the precision of the recovered rhythm. This suggests two possibilities: the coupling signal may act on a site very near the SCN and travel preferentially in a rostro-caudal direction. Alternatively, the coupling signal may act on a site rostral to the SCN. That the site is not far rostral to the SCN was suggested by the lack of a correlation between the precision of the restored rhythm and the rostrally lying anterior medial preoptic nucleus. Finally, evaluation of NP-and VIP-ergic fibers in nuclei known to receive input from the SCN indicates that the extent of such innervation by graft efferents does not predict either the occurrence of recovery or the precision of the recovered rhythm. Overall, these results suggest that the target(s) of SCN pacemakers regulating locomotor rhythmicity lie in the hypothalamus, close to or rostral to the SCN.
INTRODUCTION
The suprachiasmatic nuclei (SCN) of the mammalian hypothalamus contain the primary circadian pacemakers implicated in the expression of physiological and behavioral rhythms (reviewed in Klein et al., 1991) . It is well established that in SCN-lesioned animals, transplants of fetal hypothalamic tissue grafts containing the SCN restore circadian locomotor, drinking, and gnawing rhythms (Aguilar-Roblero et al., 1994; DeCoursey and Buggy, 1989; Kawamura and Nihonmatsu, 1985; Lehman et al., 1987; Ralph et al., 1990) .
In other models, anatomical properties of transplants are correlated with the restoration of function. When fetal mesencephalic dopamine-containing grafts are implanted into striatum-lesioned rats (a model of Parkinsonism), functional recovery is related to the number of surviving dopamine neurons (Brundin et al., 1985) , the extent of target innervation (Bjorklund et al., 1980) , and the placement site of the graft within the host striatum (Dunnett et al., 1983) . In the rat model for Huntington's disease, in which striatal grafts are implanted in the caudate-putamen, there is a positive correlation between graft size and recovery of maze learning. For grafts implanted near the globus pallidus, there is a high correlation between the distance of the graft to the host globus pallidus and the decrease in hyperactivity (Isacson et al., 1986) . Transplantation of GnRH neurons in hypogonadal mice results in the restoration of reproductive function only if axons of transplanted neurons reach their targets in the vascular bed of the median eminence (Silverman and Gibson, 1990) .
In SCN-lesioned animals, it is not known whether any parameter of the restored circadian locomotor activity rhythm is influenced by the anatomical properties (e.g., size and/or the site of placement) of SCN grafts. Anterior hypothalamic grafts containing the SCN, placed in the third ventricle, restore activity rhythms irrespective of their attachment site within the ventricle (Aguilar-Roblero et al., 1994; Lehman et al., 1987; LeSauter et al., , 1996 . Also effective are grafts implanted into the third ventricle, which attach to the host brain in the lateral ventricle near the foramen of Monro (Aguilar-Roblero et al., 1994; Lehman et al., 1987) . Cell suspension grafts located in the anterior hypothalamic parenchyma or the medial hypothalamus also restore locomotor rhythmicity (Silver et al., 1990) . In summary, it seems that hypothalamic grafts of the SCN are effective even when they attach to the host brain at a distance from the normal site at the base of the third ventricle, over the optic chiasm.
While third-ventricular grafts restore rhythmicity irrespective of their attachment site, there are substantial differences among animals in the quality of their recovered rhythms. The first goal of this study was to examine whether anatomical parameters of the thirdventricular SCN grafts (size, number of SCN clusters, distance from site of host SCN and some other sites) are related to any aspect of the restored circadian activity rhythm (precision of onset, amount of activity, period, amplitude, and percentage rhythm [PR] ). Next, the extent of vasoactive intestinal polypeptide (VIP) and vasopressin-associated neurophysin (NP) innervation of SCN targets were compared in intact and SCN-lesioned-grafted animals to evaluate the functional importance of these efferents.
METHODS

Subjects and Housing
Adult male LVG hamsters (Mesocricetus auratus) were provided with ad libitum access to food and water. They were housed individually in translucent propylene cages (48 x 27 x 20 cm) in a room kept in constant darkness (DD) at about 23°C. A dim red light (< 1 lux; Delta 1, Dallas, TX) allowed for animal maintenance, and a white noise generator (91 dB spl) masked environmental noise. The cage top was equipped with a running wheel (17 cm diameter). All animals had been subjects in other experiments (Romero and Silver, 1989 [N = 34] ; LeSauter and Silver, 1993 [N = 4] ; LeSauter and Silver,1994 [N = 3]) but were not experimentally manipulated during the weeks preceding the analysis performed here. In addition, the free-running rhythms of 5 intact hamsters housed in DD for 1 to 2 weeks and 3 intact hamsters housed in DD for 10 to 12 weeks were also analyzed.
Lesion Procedure
A lesion aimed at the SCN was made when the animals were about 9 weeks of age. Hamsters were anesthetized with 100 mg/kg pentobarbital. Bilateral electrolytic lesions of the SCN were made using a Grass LM-5 lesion maker and stainless steel #00 insect pin electrodes, insulated with epoxylite except at the tip (0.25 mm), using the following stereotaxic coordinates : 0.8 mm anterior to bregma, 0.1 mm lateral to the midline, and 7.9 mm below the dura. Current was passed for 20 sec at 0.55 mA.
Implantation Techniques
Animals in which the circadian locomotor rhythm was absent for 6 to 8 weeks after the lesion were implanted with fetal hypothalamic tissue grafts. Pregnant female hamsters were received at gestation Day 13 (with Day 1 representing the first day after mating) and housed in DD. They were sacrificed on gestation Day 15 with an overdose of pentobarbital. The pups were quickly removed; their brains were dissected out and placed on a sterile petri dish. Under aseptic conditions, the fetal tissue was microdissected from the ventral surface of the hypothalamus with coronal cuts 0.5 mm rostral and caudal to the optic chiasm, lateral cuts 0.5 mm from the midline, and a horizontal cut 0.5 to 1 mm from the ventral surface. Embryonic segments (0.5-1 mm3) from 2 donors were pooled in a drop of cold sterile saline in a petri dish. The grafts were implanted via a modified 18-gauge needle that was lowered 7.6 mm below dura, using the opening in the skull made during the placement of the lesion. After recovery from anesthesia, the animals were returned to their wheels.
Perfusion and Histology
The hamsters were heavily anesthetized (pentobarbital : 200 mg/ kg) and perfused intracardially with 150 ml 0.9% saline followed by 300 to 400 ml of 4% paraformaldehyde in 0.1-M phosphate buffer, pH 7.3. Brains were postfixed for 18 to 24 h at 4°C. For collecting the sections, the brains were all blocked perpendicular to the ventral surface flat. Coronal sections (50 tim) were cut on a vibratome, or brains were cryoprotected in 20% sucrose in 0.1-M phosphate buffer overnight, and coronal sections were cut on a freezing microtome. The brain sections were processed as freefloating sections. Serial brain sections were immunostained for VIP, NP, and neuropeptide Y to verify the completeness of the lesion and the presence of SCN in the graft. A lesion was judged to be complete only if no NP or VIP cells or fibers were present at the site of the host SCN. The presence of SCN in the graft was defined by the characteristic nonoverlapping distribution of NP and VIP fiber plexi (Card and Moore, 1984) . For immunocytochemistry, polyclonal antisera to VIP and NP (1:10,000, Incstar) were detected using a modified avidin-biotin-HRP procedure (Vectastain Elite Kit, Vector Laboratories). HRP was demonstrated using diaminobenzidine (DAB) as the chromogen. Every fourth section was processed for Nissl staining using cresyl violet (Chroma-Gesellshaft).
Behavioral Measurements
Two different computer-based systems were used in the data collection. For some animals (N = 30), an IBM-based commercial system (Dataquest III, Data Sciences, St. Paul, MN) was used, while for the remaining animals (N = 11), a Radio Shack based system developed in the lab was used. Measures included the free-running period, precision of activity onset, and amount of wheel-running activity (measured by the TAU program, Mini-Mitter, Sunriver, OR). In addition, three measures of robustness of the rhythm (the point of maximum power on the power spectrum, the amplitude of the fitted cosine, and the percentage rhythm, which give the percentage of the activity accounted for by the fitted cosine model) were analyzed for the 30 animals tested with the Dataquest system. Analysis of locomotor activity was analyzed over a 20-day period starting 3 to 4 weeks before the animals were sacrificed. Precision of activity onset was determined by calculating the standard deviation of the onset time of locomotor activity corrected for the freerunning period. Thus, the smaller the standard deviation, the more precise the activity onset. The onset of activity was defined as the time, following at least 90 min of no activity, when 10 wheel revolutions occurred in 1 to 10 successive 10-min bins. The behavioral and anatomical measurements were performed by different investigators, each blind to the results of the other analysis. The Pearson correlation coefficient (r) was used to assess the linear relationship between the anatomical and the behavioral measurements.
Anatomical Measurements
The number of SCN graft clusters was visualized by NP and VIP staining. Computer-assisted measurements (using NIH Image 1.52) of grafts were made.
The size of the SCN clusters was measured by taking the overall area of the NPor VIP-ir cells and fibers in the brain section where each cluster was largest. Distance from the closest SCN cluster to the host SCN lesion site was measured by tracing a straight line from the border of the NP and VIP cluster to the center of the site of the lesioned SCN. The center of the lesioned Figure 1 . The correlation between the precision of the activity onset (measured as SD in min) and distance (pm) from the site of the host SCN to the nearest SCN graft. The results indicate that the closer the graft to the host SCN, the more precise the activity onset (r =.58, p = .0001). The different symbols indicate the spatial location of the graft closest to the lesioned site: 0 (rostral), A (dorsal), 0 (caudal). SCN was measured by superimposing a section of an intact animal over the section of the lesioned-grafted animal. The distance was the length of the hypotenuse formed by the vertical distance from the border of the cluster to the center of the SCN traced on that section and the horizontal distance from that section to the SCN site (number of sections x 50 ~m). The distance from the closest graft to the accessory circularis nucleus and to SCN target sites, such as the anterior medial preoptic nuclei, the anterior paraventricular thalamic nuclei (PVT), and the dorsomedial hypothalamic nuclei, were also analyzed. (Because the center of the lesioned SCN might be considered difficult to assess precisely, the nearby accessory circularis nucleus [Armstrong, 1995] was used here as a second index of this measure.)
The spatial location of the graft closest to the lesioned site was defined as follows: dorsal grafts (N = 15) were those in which the center was located dorsal to the lesion, with a vertical distance equal to or more than twice the horizontal distance to the site of the lesioned SCN. If the closest cluster was not dorsal, it was classified either as rostral (N = 16) or caudal (N = 10).
Innervation of the host brain by VIP-and NP-positive fibers was quantified for nuclei such as the periven-tricular nuclei, preoptic area, dorsomedial hypothalamic nuclei, paraventricular nuclei, and PVT, which are innervated by the intact SCN. Quantification was done using a 10 x 10 grid (1.1 mm on each side) on the ocular eyepiece. Sections from intact animals, processed identically, were used to delineate a standard area for each nucleus and peptide (NP and VIP). All nuclei were drawn using a camera lucida. The density of innervation was quantified as the number of grid boxes containing one or more fibers divided by the standard number of grid boxes for that nucleus.
Preliminary findings of this work were previously reported at the Workshop on Photoperiodism, Rhythms, and Clocks at Harvard University (1994) and at the meeting of the Society for Research on Biological Rhythms .
RESULTS
Effect of Graft Location
There is substantial variability in the precision of the onset of locomotor activity and in the attachment site of SCN grafts within the third ventricle. The precision of activity onset ranged from 23.6 to 309.9 min for the 41 grafted animals, with a mean precision of 98.9 ± 9.0 (min; mean SD ± SEM). In contrast, the precision of activity onset measured in 5 intact animals kept in darkness for 1 to 2 weeks and whose testes were not regressed ranged from 6.3 to 20.0 min, with a mean of 12.1 ± 2.6 min. For comparison, the precision of activity onset of the 3 animals kept more than 10 weeks in constant darkness and whose testes were regressed ranged from 46.7 to 174.4 (mean of 96.6 ± 39.4 min).
As shown in Figure 1 , there was a significant positive correlation between the precision of activity onset and the attachment site of the closest SCN cluster to the host SCN lesion site (r(40) = .58, p = .0001). A similar result is obtained if the distance between the graft and the accessory circularis nucleus is measured (r(4o) = .57, p = .0001). A discrepancy test for the upper outlier indicates that the precision of activity onset for one of the animals could be rejected (Nl(41) = 3.64, p < .01). This does not significantly affect the correlation between precision and distance to the lesioned site (r(39) = .51, p = .0009). Although no treatment was given for several weeks before this analysis, animals came from three different groups (see Methods). The correlation Table 1 . Overall summary of the behavioral (precision, amount of activity, spectral power, amplitude, PR, tau) and anatomical measures (graft location, number of plexi of SCN cells and fibers, area of the nearest SCN plexus, area of all SCN plexi) made in this study. NOTE: There is a significant correlation between the precision of activity onset and the distance from the nearest SCN graft to the site of the lesioned host SCN. This correlation is also significant when measured from the accessory circularis nucleus located at the same rostro-caudal plane. **p < .01.
for the group with most of the animals remains highly significant (r(33) = .51, p = .002). Table 1 summarizes all the analyses performed and indicates that no other anatomical characteristic of the transplanted SCN graft, including the number of clusters and the estimated size of the closest cluster or of all the clusters, was significantly correlated with the precision of activity onset or with any of the other behavioral measures used (amount of activity period of the recovered rhythm, PR, or amplitude of the fitted cosine).
For the 13 animals with a graft at the SCN lesion site, precision was 68.7 ± 7.8 (min; mean ± SEM). The behavior and anatomical data for representative animals with precise and imprecise recovered locomotor rhythms are shown in Figures 2 and 3 . Animal B9-250, with a precise recovered rhythm, has a SCN graft at the lesion site ( Figs. 2A, 3A) . In comparison, animal A3-167 has a less precise recovered rhythm, and the grafted SCN is 200 )nm rostral to the lesion site (Figs. 2B, 2C). Finally, animal B6-78 is the least precise of the 3 in its daily onset of activity, and the grafted SCN lies 400 tim caudal to the lesion site (Figs. 2C, 3C ).
Separation of the Grafts along Three Axes
Analysis of the spatial location of the closest cluster to the host SCN lesion site (Table 2) indicates that the dorsal and caudal distance of the graft to the lesion site was positively correlated with the precision of activity onset (r(14) = .60, p = .019, and r(9) = .90, p = .0004, respectively), but the distance of the rostral SCN clusters was not (r(15) = .21, p = .43). Because distance did not affect the precision of activity onset in rostral grafts, we tested the possibility that the target site for an SCN coupling signal lies far rostral to the SCN. Using all 41 animals in the analysis, the correlation between the precision of activity onset and the distance to the anterior medial preoptic nuclei was almost significant (r4o = .3, p = .056), although this is likely due to the relationship between precision and distance to the SCN site (r(40) = .58, p = .001). If the data are analyzed for only those animals in which the grafts were rostral to the SCN site, the correlation is not significant (r(33) = -.01, p = .95). Table 3 summarizes the presence of VIP-and NPpositive fibers in the periventricular nuclei, preoptic area, dorsomedial hypothalamic nuclei, paraventricular nuclei, and PVT. For comparison, measures of such innervation in intact animals are provided. It is clear that SCN target areas are innervated with far fewer VIP-positive fibers in lesioned-grafted than in intact animals. Nevertheless, all targets have a small number of fibers. There was no relationship, however, between the recovery of locomotor rhythmicity and the occurrence of such innervation. Moreover, in recovered animals, there was no correlation between the amount of VIP-and NP-positive fibers in any target and the precision of activity onset, nor was there any positive correlation between proximity of the graft and amount of NP or VIP innervation of the PVT (NP: r(12) = .39, p > .05; VIP: r(12) = .24, p > .05) or the dorsomedial Figure 2 . Actograms and periodograms of three representative hamsters with precise (A), intermediate (B), and imprecise (C) onset of wheel running following transplantation. To facilitate inspection of the rhythms, the daily activity is plotted twice on a 48-h horizontal time scale (labeled 0-48 h at the top). The top panels show locomotor activity of the hamsters after an SCN lesion and the periodogram analysis for Day 1 through Day 5. As can be seen, lesioned hamsters do not show rhythmic peaks of activity. The lower panels show the restored activity of the hamsters following transplantation of a hypothalamic graft containing the SCN and the corresponding periodograms. Here, activity peaks reappear daily on each of the 5 days depicted. (A) Animal B9-250 with a graft at the lesioned site (distance = 0 J.1D1.). The precision of activity onset is 40 min. (B) Animal A3-167 has a graft 200 Eun rostral to the lesioned site. The precision of activity onset is 72 min. (C) Animal B6-78 bears a graft 400 pm caudal to the lesion site. The precision of activity onset is 114.5 min. hypothalamic nucleus (NP: r(t2) = .42, p > .05; VIP: r(12) = .21, p > .05). For NP-positive fibers, there is less of a difference between intact and SCN-lesioned-grafted animals in the number of fibers seen in target sites (compared to VIP-positive fibers). The overall conclusion, however, is that there is no relationship between the presence of NP-efferents and the recovery of rhythmicity or the precision of the onset of locomotor activity.
VIP and VP-ergic Innervation of SCN Targets
We did not find a correlation between the distance of the closest SCN cluster to the PVT and the precision of activity onset (r(40) = 0.18, p = .26). Nor was this measure significantly correlated with any other behavioral measures analyzed (Table 1) . The presence of VIP fibers in PVT is shown in a representative recovered B2-255 and a nonrecovered animal B48-K33 ( Figure 4) . Despite the presence of comparable VIP fibers in the PVT of these animals, there are substantial differences in their recovered locomotor rhythms. As summarized in Table 3 , innervation of the PVT by VIP and NP fibers is similar in recovered and nonrecovered animals.
DISCUSSION
This is the first study to examine the neuroanatomical basis of individual differences in circadian rhythms of SCN-grafted animals. The results indicate that the precision of the onset of locomotor rhythmicity is positively related to the proximity of the graft to the site of the host SCN. Variation in the onset of daily activity bouts has been attributed to &dquo;wake-up time&dquo; or to variation in the effectiveness of &dquo;hands of the clock&dquo; rather than to variation in the clock itself (Pittendrigh and Daan, 1976) . In keeping with this view, the transplanted circadian clock continues to cycle, but some aspect of the output signal (or response to that signal) appears to differ from that seen in the SCN in situ. Restated, the results indicate that the circadian rhythms of SCN-grafted animals, taken as a group, are less precise than those of intact hamsters. They are, however, in the same range as those seen in intact animals with regressed testes that are housed in constant darkness for long intervals. Thus, it has been shown that hamsters with regressed testes are imprecise in their activity onset (Ellis and Turek, 1979; Morin and Cummings, 1981) . The 
present results
show that the responses of intact animals with re- Table 2 . Correlation between graft location and precision of activity onset for grafts lying rostral, dorsal, and caudal to locus of host SCN. NOTE: The correlation between precision and distance from rostral grafts and the anterior medial preoptic nucleus is also shown. *p<.01. gressed testes lie in the same range as those of SCNgrafted subjects. The testes of SCN-grafted animals do not regress in response to photoperiodic cues, however (Lehman et al., 1987) , and their lack of precision in activity onset is related to the attachment site of the graft.
As reviewed in the Introduction, SCN grafts placed in the third ventricle restore activity rhythms, irrespective of their attachment site within the ventricle. This is true even when they attach in the lateral ventricles, as long as they are close to the foramen of Monro. In contrast, whole tissue grafts placed in the anterior lateral ventricle (Harrington et al., 1987;  LeSauter and Silver, unpublished results) or in the eye (LeSauter and Silver, unpublished results) and cell suspension grafts placed in the medial preoptic area, the midbrain periaqueductal gray, or the dorsal cortex (Lehman et al., 1993) do not restore rhythmicity in SCN-lesioned hamsters.
The fact that the recovered circadian rhythm is more precise the closer the grafts lie to the normal SCN site argues that the output signal from the SCN diminishes in strength with distance. The same positive correlation holds for caudal and dorsal attachment sites. In contrast, there is no significant correlation between distance and rostral attachment sites, reflecting the fact that grafts lying rostral to the site of the SCN sustain an equally precise onset of locomotor activity whether they are near or far from the SCN site. We interpret these data to mean that the SCN output signal travels preferentially in a rostral-to-caudal direction, possibly within the cerebrospinal fluid (CSF), and that the target is near the SCN. Restated, the output signal from the rostral grafts traveling in a rostral-to-caudal direction reach their target with equal strength, while the output signals released by grafts dorsal or caudal to the target site do not. We also noted that when grafts equidistant to the lesioned SCN site were considered, rostral grafts tended to produce a more precise activity onset than did dorsal and caudal grafts (see Fig. 1 ). This was not statistically significant due to the small number of equidistant grafts. Taken together, the results suggest that a SCN coupling signal acts on a site near or just rostral to the SCN to produce circadian rhythms of locomotor activity.
How Do Neural Tissue Transplants Restore Rhythmicity?
While the target site responsible for locomotor rhythmicity is not known, information about the signal from the donor graft to the host may be informative. For SCN grafts placed in lesioned host animals, there is a general consensus that the recovered locomotor rhythm is due to a factor derived from the graft and not from some recovered aspect of the host function. The strength of this argument derives from the fact that when mutant donors (or hosts) are used, the recovered period is that of the donor (Ralph et al., 1990 ).
There are numerous ways in which neural tissue grafts may restore function, including trophic effects on the host brain, promotion of neural regrowth in the host, reinnervation of the host, and release of a paracrine or endocrine signal . The nature of the signal from the donor SCN graft seems to be different from that of other transplant models. In other systems, success in the establishment of connections by the graft with host brain is a function of proximity of the graft to areas normally innervated (Radel et al., 1990) . Unlike other transplant models, Table 3 . Comparison of VIP and NP-ir fibers in different SCN targets in intact and nonrecovered and recovered SCN-lesioned-grafted hamsters.
NOTE: The last column shows the correlation between the number of fibers and the precision of activity onset in the recovered SCNlesioned-grafted hamsters. VIP = vasoactive intestinal polypeptide, NP = neurophysin, PE = periventricular area, POA = preoptic area, DMH = dorsomedial hypothalamic nuclei, MPO = medial preoptic area, PVN = paraventricular nuclei, PVT = paraventricular thalamic nuclei. hypothalamic SCN grafts in hamsters restore function irrespective of their attachment site within the third ventricle (Aguilar-Roblero et al., 1994; Lehman et al., 1987; LeSauter et al., ,1996 .
For SCN grafts, efferent connections to the host brain are not necessary for restored locomotor rhythms. We have demonstrated that a diffusible signal is sufficient to restore circadian rhythmicity as animals bearing grafts of fetal SCN tissue, encapsulated within permselective copolymer tubes, express locomotor rhythms . While neural transmissions via diffusible signals are less well understood than are synaptic mechanisms (Agnati et al., 1995) , it has been demonstrated that the SCN can produce a diffusible signal. The circadian rhythm in VP in the CSF is abolished following SCN lesions (reviewed in Reppert et al., 1987) . Further proof comes from work showing that the SCN in vitro yields circadian rhythms of VP and VIP in the medium (Earnest and Sladek, 1987; Shinohara et al., 1995; Tominaga et al., 1994) . VP-deficient Brattleboro rats have normal circadian rhythms in locomotor activity, drinking, pineal N-acetyltransferase activity, and melatonin production (reviewed in Majzoub et al., 1991) , indicating that VP is not necessary for the expression of circadian rhythmicity. These data reveal, however, that neural tissue such as the SCN can produce diffusible factors that reach the CSF and that a yet to be identified factor may constitute a coupling signal from the SCN. It should be explicitly noted that the SCN in situ may communicate with other brain regions by means of diffusible signal and/or neural efferents (synaptic signals). These systems may be redundant, or, alternatively, various circadian responses may be modulated by different coupling mechanisms.
While most anterior hypothalamic grafts containing the SCN establish some connections with the host brain, it is unclear whether these connections are relevant to the restoration of function, as such connections are variable in extent and locus (Aguilar-Roblero et al., 1994; Griffioen et al., 1993; Lehman et al., 1987 ).
Among the most definitive studies are those using cross-species transplants and species-specific monoclonal antibodies, as these presumably reveal all efferent fibers. There is extensive fiber outgrowth from the implant into the host animal graft, but efferents are variable from one animal to the next, and there appears to be no correlation between the presence of efferents and the restoration of function (Lehman et al., 1995; Sollars and Pickard, 1994 (Lehman et al., 1984; Pickard and Turek, 1983) . Furthermore, knife cuts between SCN and PVN block testicular regression (Brown and Nunez, 1986; Eskes and Rusak, 1985; Nunez et al., 1985) . In summary, there is good evidence for a role of fibers from the SCN in regulating photoperiod response.
In contrast, other work supports the suggestion of a diffusible signal for the modulation of activity cycles.
Transection of most efferents from the SCN of rats resulted in the loss of all circadian activity patterns (Nishio et al., 1979; Nunez and Stephan, 1977) , although this may be due to SCN lesions, as the presence of viable tissue within the island was not confirmed.
Other work indicated that circadian rhythmicity of corticosterone secretion and of locomotor rhythmicity was retained in some animals after isolating the SCN (Honma and Hiroshige, 1984) . Consistent with the latter results, when SCN efferents were transected by the creation of a &dquo;hypothalamic island,&dquo; circadian locomotor rhythms (but not the photoperiodic response to light) persist in hamsters bearing viable tissue within the island (Hakim et al., 1991) . Hamsters sustaining severe damage to the SCN following the creation of the &dquo;island&dquo; were arrhythmic. Which Brain Areas Control Locomotor Rhythms? One might imagine that locomotor activity is regulated by basal ganglia (including nucleus accumbens) and by thalamic nuclei (likely midline groups involved in arousal/sleep/wakefulness). Given that PVT receives projections from the SCN, is part of the midline thalamic system, and has direct projections to the nucleus accumbens, it seems a possible target for an SCN coupling signal. Dispersed cell suspensions placed in thalamic paraventricular nuclei restore circadian rhythmicity (Silver et al., 1990) . suggested that VIP innervation of the PVT is necessary for the restoration of function. Their results, however, indicate that VIP in the PVT is not sufficient: 22 of 23 recovered animals had VIP in the PVT, and 7 of 17 nonrecovered animals also had VIP fibers in the PVT. The present results confirm these findings. We noted that all recovered animals, but only 1 of 4 nonrecovered animals, had VIP fibers in the PVN. All animals have NP fibers in the PVN. The other SCN targets, such as the periventricular area (PE), the preoptic area (POA), the dorsomedial hypothalamic nuclei (DMH), and the medial preoptic area (MPO), receive a small number of NP and VIP fibers. This was so whether or not recovery of rhythmicity occurred.
Moreover, in recovered animals, there was no correlation between the number of fibers in any target and the precision of activity onset. It should also be noted that the quantification of innervation of particular targets does not indicate where these fibers originate.
In summary, the closer the grafts lie to the normal SCN, the more precise is the restored circadian rhythm. This argues that the output signal from the SCN diminishes in strength with distance. While the target of the SCN coupling signal is unknown, the results suggest that it lies near or just rostral to the SCN. Is has been shown that the neural efferent pathways of the rat and hamster SCN are quite sparse and are largely limited to a few nuclei in the medial hypothalamus and thalamus (Morin, 1994; Watts, 1991) . Potential nearby and rostral targets of SCN efferents lie in the subparaventricular zone (sPVNz), the ventral lateral septum, the periventricular nucleus, the anterior hypothalamic area, the paraventricular nucleus of the hypothalamus, the dorsomedial nucleus of the hypothalamus, and the retrochiasmatic area. If the coupling signal is diffusible, the potential target sites expand to include more lateral regions that might be reached by the CSF.
